The multicellular obligately photoautotrophic alga Volvox is composed of 
The transition from unicellularity to multicellularity can be analyzed in a family of organisms collectively referred to as the Volvocaceae. The simpler organisms among the volvocaceans represent aggregates of Chlamydomonas-like cells, whereas more advanced members of this group, like Volvox, have developed two cell types with a complete division of labor. In Volvox carteri, about 2000 cells are somatic and only 16 cells are reproductive (1, 2) . Thus, Volvox represents multicellularity in its simplest form. Biochemical studies of developmental processes in this organism require efficient procedures for metabolic labeling of relevant molecules. However, up to now, efficient techniques for pulse-and pulse-chase-labeling experiments were only available for molecules incorporating sulfate and phosphate. Since Volvox lacks transport systems for sugars or amino acids, incorporation of 14C was inefficient and could only be achieved in a rather indirect way using radioactive carbon dioxide. Labeling experiments using radioactive glucose would be most helpful for identifying stage-and cell-type-specific proteins, glycoproteins, lipids, and carbohydrates. Since other green algae, like the conditionally heterotrophic unicellular alga Chlorella, are equipped with sugar transport systems, we tried to express a Chlorella sugar transporter in Volvox. To that end, the hexose/H+ symporter (HUP1) gene from Chlorella (3) was placed under the control of the constitutive ,B-tubulin promoter from Volvox (4) . The Chlorella hexose/H+ symporter HUP1 exhibits high homology
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to the human glucose transporter (5) and belongs to a large family of substrate transporters exhibiting 12 transmembrane helices (6) .
In this paper, we describe the functional expression of the Chlorella HUP] gene in V. carteri and show the usefulness of this particular transgenic Volvox for biochemical and genetic work. To our knowledge, the Chlorella HUPI gene is the first gene of heterologous origin successfully expressed in Volvox.
MATERIALS AND METHODS
Recipient Strain. Volvox 153-48 was used as DNA recipient. Strain 153-48 is a F1 female progeny of HB1 1A, a female strain of Volvox carteri f. nagariensis that has been described (7). Strain 153-48 with wild-type morphology inherited an allele of HB1 1A that confers resistance to chlorate, abolishes the ability to utilize nitrate as a nitrogen source, and is, therefore, inferred to be the result of a stable loss-of-function mutation of nitA, the structural gene encoding nitrate reductase (8) .
Culture Conditions. Synchronous Volvox recipients were grown in Volvox medium (9) at 28°C in an 8-h dark/16-h light (10,000 lux) cycle (10) . The nonselective medium used was Volvox medium, supplemented with 1 mM NH4Cl; selective medium was Volvox medium lacking NH4Cl and containing only nitrate as a nitrogen source.
Cloning. An -2.1-kb Sal I-Dra I fragment of the Volvox f-tubulin 5' region (4) was cloned into a Sal I/EcoRV-digested pIC20H vector (11) , resulting in clone pIK1. Construction of the Volvox f3-tubulin-Chlorella HUP1 chimeric gene containing the -2.1-kb fragment of the Volvox ,3-tubulin gene derived from clone pIK1 and the coding region for HUPI derived from clone pLM100 (3) was performed by standard techniques (12) . The resulting plasmid was designated p,BHUP1. Products of cloning were sequenced by the chain-termination method (13) .
Preparation of Plasmid DNA. Plasmid DNAs were prepared as described by Hattori and Sakaki (14) . Final purification of plasmids was achieved by CsCl density gradient centrifugation (12) .
Transformation. V. carteri strain 153-48 was transformed by using flowing helium to bombard cells with DNA-coated gold particles (15) (16) (17) . Plasmid p3HUP1, carrying the Chlorella HUPJ coding sequence under the control of the V. carteri ,B-tubulin promoter, was introduced into V. carteri NitA-strain 153-48 by cotransformation with plasmid pVcNR1 (8, 16) . Plasmid pVcNR1 contains -5.8 kb of the coding region of the V. carteri nitA gene plus 1 kb of downstream and 1 kb of upstream DNA in the vector pBS(+) (Stratagene) and was, therefore, used to complement the stable nitA mutation in V. carteri strain 153-48. Microprojectiles for transformation were prepared with gold particles (1-3 ,um in diameter, Aldrich) as described (17) . Recipient cultures of strain 153-48 were collected on a 100-,um nylon screen shortly before or after the onset of embryonic cleavages. The spheroids were broken up by forcing them through a 0.5-mm hypodermic needle. The cell suspension was filtered through a 100-,um (pore size) nylon screen through which only free gonidia, free embryos, and single somatic cells can pass. Gonidia/embryos were then collected on a 10-pum nylon screen. The gonidia/embryo suspension was allowed to settle several times and the supernatant, which contains some somatic cell sheets, was discarded each time. The resulting target cells were resuspended in selective Volvox medium lacking NH4Cl. They were then bombarded by the method of Takeuchi et al. (15) . Bombarded cultures were observed from the sixth day after transformation on, and each green organism was transferred into a microtiter well with fresh selective Volvox medium. Putative transformants were tested for restoration of chlorate sensitivity by cultivation in 8 mM potassium chlorate in Volvox medium (16 Reverse transcription and subsequent PCR amplification yielded the expected chimeric 362-bp cDNA in 12 out of 14 transformants. The result of a reverse transcription-PCR using 1 of these 12 hexose uptake-transformants (HU-Ts), named HU-T17, is shown in Fig. 2 . The corresponding DNA sequence analysis of this cDNA fragment (362 bp) is shown in Fig. 3 .
The intron originally present within this stretch of chimeric DNA was excised by the splicing machinery of Volvox exactly as known for the parent Fig. 3 ) that are derived from the multiple cloning site of the vector pIC20H. tsp, Transcription start point.
Proc. Natl. Acad. Sci. USA 93 (1996) in the dark. Afterward, colonies were washed thoroughly, disintegrated by ultrasonic treatment, and assayed for incorporated radioactivity (Fig. 4) .
In most of the transformants, incorporated radioactivity increased up to 300-fold, indicating that the Chlorella HUP1 sugar transporter was expressed in a functional state.
["4C]Glucose Incorporation. The incorporation of "4C into macromolecules of transformant HU-T17 after [14C]glucose pulse labeling was compared to the parent NitA -strain 153-48. Extracts from labeled algae were loaded on a SDS/ polyacrylamide gel and labeled components were visualized by fluorography (Fig. 5A) . Transformant HU-T17 incorporates l4C into a broad range of macromolecules, whereas no 14C incorporation is detectable in the parent NitA-strain 153-48 (Fig. 5A) (20) . Two mechanisms for this inhibitory effect are discussed. Accumulated 2-deoxy-D-glucose 6-phosphate could affect the activity of hexose phosphate isomerase, thus, leading to a shortage of substrates essential for glycosylation (21, 22) . Alternatively, glycoprotein biosynthesis may be affected by the incorporation of 2-deoxy-D-glucose into the polysaccharide resulting in an altered carbohydrate moiety (23, 24) .
Transformants were tested for their ability to take up 2-deoxyglucose. They were therefore treated with different concentrations of 2-deoxyglucose and the survival rates were compared to wild-type algae under the same conditions. Wild-type algae (HK10) and the parent NitA-strain 153-48 grew at concentrations up to 3 x 10-3 M 2-deoxyglucose without any loss of viability. In contrast, transformants died at concentrations of 2-deoxyglucose as low as 1 X 10-5 M, indicating an increase of sensitivity toward 2-deoxyglucose by orders of magnitude (Fig. 6) . Transformed Volvox are dead in only 3 days in 2-deoxyglucose-containing medium. Earlier studies with the glucose transporter HUPI were performed after its heterologous expression in the fission yeast Sc-hizosaccharoinyces potinhe (25) . A mutant strain of S. pomlbbe was used for functional studies of the hexose/H+ symporter (26, 27 
